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Abstract—Device-to-Device (D2D) communication is a promis-
ing technology towards 5G networks. D2D communication can
offload traffic using licensed/unlicensed band by establishing
a direct communication between two users without traversing
the base station (BS) or core network. However, one of the
major challenges of D2D communication is resource allocation
and guaranteeing Quality-of-Service (QoS). In this paper, we
establish an optimal queuing scheduling and resource allocation
problem for three-tier heterogeneous network based on LTE
Wi-Fi aggregation (LWA), to offload voice/multimedia traffic
from licensed band to unlicensed band using Scalable MAC
Protocol (SC-MP) under various static delay constraints. The
access mechanism used for Wi-Fi in SC-MP is Point Coordi-
nation Function (PCF), which further offloads the multimedia
traffic using D2D communication in unlicensed band. Resource
allocation and optimal joint queuing scheduling problems are
formulated with diverse QoS guarantee between licensed and
unlicensed band to minimize the bandwidth of licensed band.
Furthermore, an iterative algorithm is proposed to express the
non-convex problem as series of sub-problems based on Block
Coordinate Descent (BCD) and difference of two convex functions
(D.C) program. We have simulated the proposed scheme using
two scenarios; voice traffic using licensed band and voice traffic
using both licensed and unlicensed band whereas, multimedia
traffic uses unlicensed band for both scenarios. The simulation
results show that both the schemes perform better than the
existing scheme and scenario 2 outperforms scenario 1.

Index Terms—Device-to-Device communication, Effective ca-
pacity, Wireless local area network (WLAN), Long term evolution
(LTE) network, Resource allocation, Quality-of-Service (QoS)

I. INTRODUCTION

The rapid growth in demand for wireless devices has accel-
erated the development of next-generation wireless networks,
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namely, 5G. In 5G, it is proposed to use a wider range
of frequencies and spectrum to solve the capacity problem.
In a dense heterogeneous network environment, the licensed
spectrum is easily congested due to limited resources. This
has motivated the operators to exploit the potential use of the
available unlicensed spectrum. Recently, several new schemes
have been proposed to overcome the coverage and congestion
problems which include; deployment of small cells (Femto,
Pico), cognitive radio, LTE unlicensed (LTE-U), LTE li-
censed assisted access (LTE-LAA) and LTE Wi-Fi aggregation
(LWA).

Joint deployment of cellular networks and wireless Local
area networks (WLAN) is more attractive to the operators as
it utilizes both licensed and unlicensed band. There are several
advantages of joint deployment such as; it is cost-effective,
WLAN works with less complex protocol as compared with
the cellular network (LTE, LTE-A), better spatial reuse and it
enabling access to local services utilizing unlicensed band [1].
Currently, LTE-U/LTE-LAA has been the center of attraction
now adays but the real challenge for LTE-U/LTE-LAA is
the contention problem with the Wi-Fi users, as the greater
preference is given to LTE-U/LTE-LAA users, which will
enable them dominate the spectrum [2], [3]. LWA does not
require another protocol like CSAT/LBT, but rather utilizes
the same existing Wi-Fi protocol and it transmits LTE traf-
fic through Wi-Fi access point (AP) associated with LWA
base stations [2]. LWA has several advantages that include;
improved quality-of-service(QoS), cost effective, and increase
system capacity. Furthermore, joint operation between WLAN
and LTE is simple in LWA as LTE operates using LTE protocol
and Wi-Fi operates using Wi-Fi traditional protocol [4].

D2D communication is another technology that can in-
crease the capacity and coverage of the wireless networks
by enabling immediate communication between the users.
D2D communication allows two proximity users to perform
direct data transmissions between each other with little or no
involvement of a base station (BS). D2D technology, has also
been proposed as an effective solution for efficiently utilizing
the radio resources, hence increasing the spectral efficiency.
Furthermore, it eases the core network data processing loads
by performing traffic offloading [5]. D2D communication will
be an integral part of 5G technology because of its particular
features; increase in spectral efficiency, capacity gain, and
lower end-to-end delay [6], [7]. Resource allocation is the key
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aspect in D2D communication, and most of the work has been
done using cellular network [8].

Nowadays, there are high demands for video and multi-
media content over cellular networks. Downloading similar
videos can waste the spectrum resource. However, D2D com-
munication can be significant in caching videos and sharing
content [9]. D2D users can act cooperatively, form clusters and
facilitate content dissemination [10], [11]. Service providers
can exploit D2D communication to additionally offload traffic
in a congested domain particularly utilizing unlicensed band.

The novelty of the paper is to investigate an optimal
queue scheduling and resource allocation problem of diverse
traffic in three-tier heterogeneous network with Wi-Fi access
mechanism based on IEEE 802.11 PCF and further offloading
multimedia files through D2D communication. There is an
ongoing work [12], that proposes an optimal solution for
offloading traffic using LWA. Our proposed scheme builds on
and further extends the approach proposed in [7]. The diverse
traffic; voice and multimedia, will be offloaded from licensed
band to unlicensed band in three-tier network using IEEE
802.11 PCF as the access mechanism for Wi-Fi and further
multimedia traffic is offloaded using D2D communication. Our
key contributions can be summarized as:

• A three-tier network based on LWA technology is pro-
posed to offload diverse traffic from licensed to un-
licensed band with modification in resource allocation
scheme based on IEEE 802.11 PCF to access Wi-Fi
channels and further offload multimedia files through
D2D communication. The optimal joint queue scheduling
and resource allocation problem of three-tier network is
formulated to minimize the bandwidth of licensed band
by guaranteeing the QoS.

• A closed-form expression of effective capacity is derived
using 6 state semi-Markovian model.

• An iterative algorithm is proposed to convexify the prob-
lem using generic block coordinated descent (BCD) and
difference of convex functions (D.C) program.

• Simulation is performed using two scenarios of the pro-
posed schemes; in the first scenario the voice traffic uses
licensed band whereas multimedia traffic uses unlicensed
band and in the second scenario half of the voice traffic
goes through licensed band and other half of the traffic
goes to unlicensed band along with the multimedia traffic.
Our result proved that both scenarios perform better than
SMS and scenario 2 outperforms scenario 1.

The paper is organized as follows. In Section II, foundation
and related works are discussed and surveyed. In Section
III, the system model is presented. In Section IV, the closed
form expression for effective capacity of three-tier network is
derived. In Section V, the optimal joint queue scheduling and
resource allocation problems with the QoS guarantee between
licensed and unlicensed band are formulated to minimize
the usage of licensed bandwidth of three-tier heterogeneous
network. An iterative algorithm is proposed based on BCD
and DC programs to solve the problem. In Section VI,
the simulation results are shown, and finally, conclusion is
presented in Section VII.

II. RELATED WORK

The performance characteristics of PCF has been exten-
sively studied in [13]–[15]. The performance of video trans-
mission using PCF mechanism is discussed in [16], [17].

In [18], a cooperative ARQ MAC protocol is proposed that
is compatible to the legacy IEEE 802.11 DCF. It coordinates
the transmissions among a set of relay nodes which act as
helpers in a bidirectional communication. The maximization
of the effective capacity with QoS and power constraints using
DCF is proposed in [19].

The aggregation of LTE and Wi-Fi has recently drawn
extensive attention. In [20], LWA analytical model was pro-
posed using Markovian model. In [21], convex optimization
technique was used to optimize the power of licensed band
and time duration of the unlicensed band to maximize the total
algorithmic utility of users. In [22], a linear program technique
was used to optimize the licensed bandwidth allocation and
rate allocation in the unlicensed band to maximize the overall
throughput. In [23], a cross-system learning approach is pro-
posed to optimize the power, cell range expansion bias, sub-
band selection and traffic scheduling and the delay-tolerant
traffic is steered to unlicensed band. The access mechanism
used in Wi-Fi in [21]–[23] is DCF which is contrary to our
work as we will be using PCF as an access mechanism and
further offloading the traffic using D2D communication, which
is very useful for the dense environment as assigning QoS.

Some related work have been focused on the QoS of the
queues transmitted through a single interface. In [24], a semi-
Markovian model was proposed for Wi-Fi based on distributed
coordinated function (DCF) access channel mechanism. It
provides for an asymptotically tight linkage between source
characteristics, system resources, and QoS. In [25], a uni-
fied framework for LWA was proposed based on QoS class
indicator, but there was no analytical model. A non-trivial
effort would be required to extend these works to multiple
heterogeneous interfaces, as proposed in this paper. In [26],
Karush-Kuhn-Tucker technique was used to maximize the
effective capacity of the mobile video traffic. In [27], [28],
the effective capacity is focused on the modelling of rate
fluctuations at the physical layer. In [12], author proposes to
offload traffic from licensed band to unlicensed band using
LWA technology under delay constraints and also derive
effective capacity using semi-Markovian model. Our work
differs from [12] as we will be introducing a three tier network
to offload voice/multimedia traffic from licensed to unlicensed
band with modification in resource allocation scheme based
on IEEE 802.11 PCF to access Wi-Fi channels and further
offload multimedia files through D2D communication. We can
conclude that our proposed scheme is scalable and perform
better with no contention problem in it.

To the best of our insight, no analytical work has been
published until now for offloading traffic from LTE to Wi-
Fi based on IEEE 802.11 PCF mechanism and further of-
floading multimedia traffic through D2D communication. This
paper presents an analytical model for three-tier heterogeneous
network using Scalable MAC protocol for Wi-Fi network,
to evaluate an optimal joint queue scheduling and resource
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allocation problem under various static delay constraints. The
simulation results illustrate that the proposed scheme has
significant performance gain as compared to the state of art.

III. SYSTEM MODEL

Tier 3
D2D 

LTE BS

Wi-Fi AP 2
Tier 1

Tier 2

Wi-Fi AP 1

Fig. 1: Proposed Three-Tier Heterogeneous Network

Our proposed architecture builds on the LTE-Wi-Fi ag-
gregation (LWA) technology with modification in resource
allocation scheme based on IEEE 802.11 PCF to access
WLAN channel and D2D communication integration. As
the architecture is proposed for 5G, it is also assumed that
Software Defined Network (SDN) is deployed at the core end
so that the decisions made are structured, rapid and congestion
controlled. SDN and routing protocol is out of the scope of
our paper but for further understanding [29] and [30] can be
referred. The Fig. 1, shows the architecture of proposed three-
tier network.

We consider a macro LTE base station (BS) with an LTE air
interface in the licensed band overlayed by a Wi-Fi base station
(BS) with Wi-Fi air interface in the unlicensed band. We have
also considered another Wi-Fi node operating in an unlicensed
band within the coverage of three-tier network. Two frequency
bands are considered; band a is the licensed bandwidth and
band b is the unlicensed bandwidth. The total bandwidth is
given as Bn where n = a, b. Both voice and multimedia traffic
is taken into account and licensed and unlicensed bandwidth
are further sub-divided. Let Bav and Bam be the licensed
bandwidth for voice and multimedia and Bbv and Bbm be
the unlicensed bandwidth for voice and multimedia. There are
total K number of users, where γk,n represent the signal-to-
interference-noise ratio (SINR) of a user k in band n and
k = 1,. . . ,K. The packets are delivered to the users either
using licensed LTE air interface or using unlicensed Wi-Fi air
interface.

The Wi-Fi users operating in the unlicensed band use
Scalable MAC Protocol (SC-MP) based on point coordination
function (PCF) to access the channel [31]. PCF consist of
contention free period (CFP) and a contention period (CP)
and works on a polling based mechanism. PCF has point
coordinator (PC), which is located at a Wi-Fi Access Point
(AP). During CFP the point coordinator (PC) creates a polling
list and polls the node accordingly. PC ensures that the interval
between two polling stations is not more than PCF inter-frame

spacing (PIFS) [32]. The polling scheme used is the best
signal-to-noise ratio (SINR) scheme. The advantage of best
SINR polling scheme is that it will give better throughput
with less delay. The PC creates a polling list based on best
SINR polling scheme and poll the user accordingly. PC has to
sense if the channel is idle for PCF inter-frame spacing (PIFS)
period and then a beacon frame is transmitted at the start of
CFP. PC polls the first user from the polling list and if the user
has data to transmit, a time slot (TS) is allocated to that user.
If the user does not have any data to transmit a null frame
is transmitted. Similarly, all the users are polled accordingly
from the polling list and if the cycle ends before all users are
polled then in the next cycle PC will resume polling where
the polling list ended.

We further apply D2D communication for caching
video/multimedia files using CP in PCF [31]. When a user
is polled by WLAN BS (WBS) and requests a video, WBS
checks if any of the neighbouring user has downloaded the
requested video. If the requested video is already downloaded
by the neighbouring user, WBS will check the distance be-
tween the two users and if distance is less than the threshold
value it will allow D2D communication between the two users
by assigning a free channel for a specific time period. If the
video is not downloaded, WBS assigns a time slot to the user
to download the video. Once the video is downloaded, it will
be stored in the cache memory of WBS with the location
information of the user. If downloaded video is not requested
by any other user for a certain time, WBS deletes the video
from the cache memory as it will save the storage space [31].

We assume Rayleigh block flat-fading channels in both
licensed and unlicensed bands. The packets arriving at the
scheduler for the user k can be scheduled to proceed using
either licensed LTE air interface or unlicensed Wi-Fi air
interface. Two transmit queues are formed for the two air
interface as shown in the Fig. 2. A binary variable yn,k is
defined to select the band for the packets. The bandwidth
allocated to a user with binary variable yn,k is αn,k. The
channel remains unchanged during a time frame T, but can
vary independently across different time frames.

The QoS exponent θk is the QoS packets intended for the
user k. The larger the value of θk, the more stringent is the
QoS and the smaller the value of θk the more loose is the QoS.
If both air interfaces are selected, we propose to decouple
θk between the two interfaces. QoS exponent of user k in
band n is denoted as θn,k. We propose to precisely design
the binary variable yn,k, bandwidth αn,k and QoS θn,k such
that the maximum number of packets can be delivered without
compromising θk for all the users.

We also propose that each user n requires a minimum
data rate of Rk, a delay bound of Dk

th and the maximum
probability threshold of the delay bound being violated is
Pkth. The effective capacity Cn,k(θn,k), can be defined to the
maximum consistent arrival rate at the input of the transmit
queue for user k in band n, as given by [27], [33], [34];

Cn,k(θn,k) = − lim
t→∞

1

θn,kt
log(E{e−θn,kSn,k(t)}) (1)
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Voice

Multimedia
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Multimedia

Voice

Voice

Fig. 2: Queuing Model Of Three-Tier Network

where Sn,k(t) is the number of bits successfully delivered to
Wi-Fi user k during (0,t] and E{.} denotes expectation.

According to the effective capacity theory [26], the delay-
bound violation probability of the transmit queue in each
individual band can be approximated as;

Pr{D > Dk
th} ≈ e−θn,kCn,k(θn,k)D

n
th ,∀k ∈ K,∀n ∈ N (2)

Overall, the delay-bound violation probability needs to satisfy
[26];∑
n∈N

yn,ke
−θn,kCn,k(θn,k)D

k
thCn,k(θn,k)∑

n∈N
yn,kCn,k(θn,k)

≤ P kth,∀k ∈ K, (3)

where
∑
n∈N

yn,kCn,k(θn,k) is the total number of packets

delivered to user and
∑
n∈N

yn,ke
−θn,kCn,k(θn,k)D

k
thCn,k(θm,n)

accounts for the total number of packets delivered to user k
before the delay bound through the two bands.

IV. EFFECTIVE CAPACITY OF LTE AND SCALABLE MAC
PROTOCOL (SC-MP)

In this section we will discuss the effective capacity of
SC-MP operating in unlicensed band and LTE operating in
licensed band, while preserving the QoS.

A. Effective Capacity Of SC-MP in Unlicensed Band

A semi-Markovian model is used to derive the effective
capacity of SC-MP of K number of users with total 3K states
with each user having 3 states. In Fig. 3, a semi-Markovian
model is shown with 2 users having 6 states in total.

Two types of traffic is considered in the framework for the
allocation of a time slot; voice and video/multimedia.
Moreover, D2D communication is also applied to
video/multimedia traffic for offloading the traffic. We
have assumed that duration of voice traffic in a time slot
is random and the voice duration can vary for every user
depending on the number of packets in the buffer. Similarly,
for multimedia traffic either the user is allocated a time slot to
transmit or the user will be allowed for D2D communication.
The probability that a user has data in the buffer is P,

P(r1|v2)

P(r1|m2)
P(r2|r1)

r1

v1 m1

r2

v2 m2

P(r1|r2)

Fig. 3: SC-MP Semi-Markovian Model

and 1-P is the probability that there is no data in the
buffer. The probability P can either be a voice traffic or a
video/multimedia traffic.

P = PV or P = PM (4)

where PV is the probability of voice traffic and PM is the
probability of video/multimedia traffic. Two types of channel
condition are used in modelling the SC-MP; J and E. E is the
channel condition that should be satisfied for the allocation of
the time slot for voice and video/multimedia traffic. Whereas,
J is the channel condition that should be satisfied for D2D
communication between two users. D2D communication will
be allowed if the video requested by the user is already
downloaded by the neighbouring user/users and is in the cache
memory of the AP and satisfies the channel condition J.
The probabilities are defined as, PND= Probability that video
requested is not downloaded by any neighbouring users, PS=
Probability that channel condition E is not satisfied and PD=
Probability that channel condition J is not satisfied.
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Each user has 3 unique states: rk = polling state of a Wi-
Fi user, vk = time slot allocation for a Wi-Fi user having
voice traffic and satisfying the channel condition E, mk = a
time slot is allocated for video/multimedia traffic to a Wi-Fi
user after satisfying the channel condition E or allow D2D
communication to a Wi-Fi user if the neighbour has already
downloaded the video/multimedia file and satisfy the channel
condition J, where k = 1, . . ., K.

The transition probability from polling state r1 to v1 for
user1 is given as

PA1 = P (v1|r1) = PV 1(1− PS1) (5)

Similarly, the transition probability for user2 is given as

PA2 = P (v2|r2) = PV 2(1− PS2) (6)

where PV 1 and PV 2 are the probabilities of voice traffic for
user1 and user2. 1-PS1 and 1-PS2 are the probabilities that
satisfies the channel condition E for time slot allocation for
user1 and user2 for voice and video/multimedia traffic.
The transition probability from r1 to m1 is given as

PF1 = P (m1|r1) = PM1(1− PS1)

+(PM1)(PS1)[1− (PND1

+((1− PND1)PD1)Nn)]

(7)

Similarly, for user2 the transition probability is given as

PF2 = P (m2|r2) = PM2(1− PS2)

+(PM2)(PS2)[1− (PND2

+((1− PND2)PD2)Nn)]

(8)

where PM1 and PM2 are the probabilities of video/multimedia
traffic for user1 and user2. 1-PS1 and 1-PS2 are the prob-
abilities that satisfies the channel condition E for time slot
allocation for user1 and user2, Nn is the total number of
neighbours that downloaded the video, PND1 and PND2 are
the probabilities that video requested by user1 and user2 is
not downloaded by any neighbouring users and PD1 and PD2

are the probabilities that channel condition J is not satisfied
for D2D communication for user1 and user2. The transition
probability for polling state r1 to polling state r2 is given as

PE1 = 1− PA1 − PF1 (9)

PE2 = 1− PA2 − PF2 (10)

The transition probability for all other states are 1. The state
transition probabilities generate the transition matrix Q, using
semi-Markovian model for 2 users and is given as

Q =


0 PA1 PF1 PE1 0 0
0 0 0 1 0 0
0 0 0 1 0 0
PE2 0 0 0 PA2 PF2

1 0 0 0 0 0
1 0 0 0 0 0

 (11)

The duration of both states r1 and r2 is Tr1 and Tr2 and
is constant for both users. The duration for v1 and v2 is
random and denoted by Tv1 and Tv2 , which depend on the
number of packets in the buffer. The duration for m1 and

m2 is random and is denoted by Tm1 and Tm2, it can either
transmit video/multimedia traffic through time slot or can
allow D2D communication between users depending on the
channel condition and neighbouring downloaded traffic.

The moment generating functions (MGF) of Tr1, Tv1,
Tm1, Tr2, Tv2, and Tm2 are M1(t)=etTr1, M2(t)=ΣetTv1PA1,
M3(t)=ΣetTm1PF1, M4(t)=etTr2, M5(t)=ΣetTv2PA2, and
M6(t)=ΣetTm2PF2.

We define two auxiliary variables, s and u, with reference
to [24], [35]. We now create a diagonal matrix Γ(s,u). The
diagonal elements of Γ(s,u) are the MGFs of the six state semi-
Markovian model and is given in (12). The matrix H(s,u) is
a non-negative irreducible matrix, as it cannot be arranged to
upper triangular matrix, e.g, by using the Gaussian-Newton
Method [36]. The spectral radius of H(s,u), denoted by
φ(s,u)=ρ(H(s,u)) is a simple eigenvalue of H(s,u) and ρ(.)
represents the spectra radius.
We can write for each permissible pair of s and u
H(s,u)=Γ(s,u)Q and is given in (13).

With reference to [35], the effective capacity C = u(s)
s , when

φ(s,u(s)) = 1 and θ = -s.
As the result, the effective capacity C can be evaluated by

solving φ(-θ,-θC)=1 for θ>0 [24], [35]. Meanwhile, φ(-θ,-θC)
is the eigenvalue of (H(-θ,-θC)), we have (14), where I is the
identity matrix and |.| is the determinant of the matrix. The
determinant is given in (15) where,

X = M2(−Rθ + θC)PA1PE2 +M3(−Rθ + θC)PF1PE2+

M5(−Rθ + θC)PE1PA2 +M6(−Rθ + θC)PE1PF2

Y = PA1PA2M2(−Rθ + θC)M5(−Rθ + θC) + PA1PF2

M2(−Rθ + θC)M6(−Rθ + θC) + PA2PF1

M3(−Rθ + θC)M5(−Rθ + θC) + PF2PF1

M3(−Rθ + θC)M6(−Rθ + θC)

We substitute the λ = φ(-θ,-θC) = 1 in (15).
Substituting the value of X and Y and solving (15) through

the Matlab, the closed form expression of effective capacity
for voice and multimedia of 2 users of SC-MP in unlicensed
band is given as;

Cbv(αbv, θb) =
z

θb
+ αbv log(1 + γb) (16)

Cbm(αbm, θb) =
z

θb
+ αbm log(1 + γb) (17)

where γb is signal-to-interference-noise ratio (SINR) of a user
in unlicensed band and z is a constant value and varies with the
value of probabilities defined, that is; PV , PM , PD and PND
for every user. We can be calculate the value of z by inserting
the values of PV , PM , PD and PND in equation (15).

B. Effective Capacity of LTE in Licensed Band

The effective capacity of LTE in the licensed band of user
k is given by [12], [37];

Ca,k(αa,k, θa,k) = − 1

θa,kT
log(Eγ{e−θa,kαa,kT log2(1+γa,k)})

(18)
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Γ(s, u) =


M1(−u) 0 0 0 0 0

0 M2(Rs− u) 0 0 0 0
0 0 M3(Rs− u) 0 0 0
0 0 0 M4(−u) 0 0
0 0 0 0 M5(Rs− u) 0
0 0 0 0 0 M6(Rs− u)

 (12)

H(s, u) =


0 M1(−u)PA1 M1(−u)PF1 M1(−u)PE1 0 0
0 0 0 M2(Rs− u) 0 0
0 0 0 M3(Rs− u) 0 0

M4(−u)PE2 0 0 0 M4(−u)PA2 M4(−u)PF2

M5(Rs− u) 0 0 0 0 0
M6(Rs− u) 0 0 0 0 0

 (13)

|H(-θ,-θC)-φ(-θ,-θC)I| =∣∣∣∣∣∣∣∣∣∣∣∣

−φ(−θ,−θC) M1(−u)PA1 M1(−u)PF1 M1(−u)PE1 0 0
0 −φ(−θ,−θC) 0 M2(Rs− u) 0 0
0 0 −φ(−θ,−θC) M3(Rs− u) 0 0

M4(−u)PE2 0 0 −φ(−θ,−θC) M4(−u)PA2 M4(−u)PF2

M5(Rs− u) 0 0 0 −φ(−θ,−θC) 0
M6(Rs− u) 0 0 0 0 −φ(−θ,−θC)

∣∣∣∣∣∣∣∣∣∣∣∣
(14)

= φ(−θ,−θC)6 − φ(−θ,−θC)4PE1PE2M1(θC)M4(θC)− φ(−θ,−θC)3M1(θC)M4(θC)X − φ(−θ,−θC)2

M1(θC)M4(θC)Y
(15)

where γa,k is the signal-to-interference-noise ratio (SINR) of
user k in licensed band.

The closed form expression of effective capacity in (18) for
voice and multimedia can be written as:

Cav,k(αav,k, θa,k)

= − 1

θa,kT
log(Eγ{e−θa,kαav,kT log2(1+γa,k)}) (19)

Cam,k(αam,k, θa,k)

= − 1

θa,kT
log(Eγ{e−θa,kαam,kT log2(1+γa,k)}) (20)

where Cav,k(αav,k, θa,k) is the effective capacity of voice in
licensed band and Cam,k(αam,k, θa,k) is the effective capacity
in of multimedia in licensed band.

V. MINIMIZING THE BANDWIDTH OF LICENSED BAND

The important objective of this section is to minimize the
requirement of licensed bandwidth in three-tier heterogeneous
network while guaranteeing the QoS for all users. For current
problem formulation, we have assumed that voice traffic uses
both licensed and unlicensed band, whereas multimedia traffic
goes through the unlicensed band to minimize the usage of
licensed band. In next Section VI, we compare this scenario
with another scenario where voice traffic goes to licensed
band and multimedia traffic goes through unlicensed band and
observe their performance.

According [12], we can also formulate the problem in our
scheme as

P1 : minimize
αn,k,θn,k,yn,k

∑
k∈K

yn,kαn,k (21a)

s.t,

∑
n∈N

yn,ke
−θn,kCn,k(θn,k)D

k
thCn,k(θn,k)∑

n∈N
yn,kCn,k(θn,k)

≤ P kth,∀k ∈ K

(21b)∑
k∈K

yb,kαb,k ≤ Bb (21c)

∑
n∈N

yn,kCn,k(αn,k, θn,k) ≥ Rk,∀k ∈ K (21d)

yn,k = 0, 1,∀k ∈ K,∀n ∈ N (21e)

αn,k ≥ 0, θn,k ≥ 0,∀k ∈ N, ∀n ∈ N (21f)

where (21b) describes to meet the requirement of QoS of user
k, (21c) states the total unlicensed bandwidth that should not
exceed Bb, (21d) represents the minimum data rate of the user
k, , (21e), and (21f) are the generic restraints to specify the
problem.
It can be observed that from P1, e−θn,kCn,kD

k
th and yn,kCn,k

are coupled and the effective capacity in (21d) is not joint
convex on αn,k and θn,k. As yn,k being a binary variable and
according to [12], it is said that

yn,kCn,k(αn,k, θn,k) = Cn,k(yn,kαn,k, θn,k) (22)
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By using the inequality [38];

0 ≤ αn,k ≤ yn,kχ (23)

where χ is a predefined constant. If both the licensed and
unlicensed bands are selected to transmit the packets (21d)
can be rewritten as∑

n∈N
e−θn,kCn,k(θn,k)D

k
thCn,k ≤ P kth

∑
n∈N

Cn,k (24)

Using Chebyshev’s sum inequality [39], (21d) can be written
as

1

|N |
∑
n∈N

e−θn,kCn,k(θn,k)D
k
th

∑
n∈N

Cn,k ≤ P kth
∑
n∈N

Cn,k (25)

where |N | stands for cardinality. If a packet is transmitted to
user k in band n the (21b) can be rewritten as ;

e−θn,kCn,k(θn,k)D
k
th ≤ P kth (26)

Combining (25) and (26), (21b) can be rewritten as∑
n∈N

e−θn,kCn,k(θn,k)D
k
th − 1 + yn,k ≤ P kth

∑
n∈N

yn,k (27)

The (21e), can be relaxed as the intersection of the following
region [38];

0 ≤ yn,k ≤ 1,∀k ∈ K,∀n ∈ N (28)

∑
n∈N

∑
k∈K

(yn,k − (yn,k)2) (29)

We state two variables for simplification; ωn,k = αn,kθn,k and

βn,k =
1

θn,k
, where αn,k = ωn,kβn,k. The effective capacity

of SC-MP and licensed band in (16), (17), and (19) can be
rewritten in terms of auxiliary variables as

Cav,k(ωav,k, βa,k) = −βa,k
T

log(Eγ{e−ωav,kTlog2(1+γa)})
(30)

Cbv(αbv, βb) = zβb + ωbvβblog2(1 + γb) (31)

Cbm(αbm, βb) = zβb + ωbmβblog2(1 + γb) (32)

Using (30), (31) and (32), (27) can be rewritten as

e

log(Eγ{e−ωav,kTlog2(1+γa)})
T

Dk
th

+

e−(2z+ωbvβblog2(1+γb)+ωbmβblog2(1+γb)D
k
th − 2+∑

n∈N
yn,k ≤ P kth

∑
n∈N

yn,k,∀k ∈ K

(33)

As an outcome and according to [12], P1 can be simplified
to be a continuous problem and can be written as

P2 : minimize
{ωn,k},{βn,k},{yn,k}

∑
k∈K

ωa,kβa,k (34a)

e

log(Eγ{e−ωav,kTlog2(1+γa)})
T

Dk
th

+

e−(2z+ωbvβblog2(1+γb)+ωbmβblog2(1+γb)D
k
th − 2+∑

n∈N
yn,k ≤ P kth

∑
n∈N

yn,k,∀k ∈ K

(34b)

∑
k∈K

(ωbv,k + ωbm,k)βb,k ≤ Bb (34c)

s.t,
∑
n∈N

Cn,k(ωn,k, βn,k) ≥ Rk,∀k ∈ K (34d)

∑
n∈N

yn,k ≥ 1,∀k ∈ K (34e)

∑
n∈N

∑
k∈K

(yn,k − (yn,k)2) (34f)

ωn,k ≥ 0, βn,k ≥ 0, 0 ≤ yn,k ≤ 1,∀n ∈ N, ∀k ∈ K (34g)

0 ≤ ωa,nβa,n ≤ yn,kχ,∀k ∈ K, ∀n ∈ N (34h)

As (34a), (34c), and (34d) are affine, therefore P2 is linear
on {βn,k}.

Using difference of convex (DC) programming, P2 can be
reformulated using P3

P3: minimize
{ωn,k},{yn,k}

∑
k∈K

ωa,kβa,k + λ
∑
n∈N

∑
k∈K

yn,k−

λ
∑
n∈N

∑
k∈K

(yn,k)2,
(35)

s.t(34b)− (34d), (34f)− (34h), (36)

where λ is a large penalty factor.
Let;

f1(ωn,k, yn,k) =
∑
k∈K

ωa,kβa,k + λ
∑
n∈N

∑
k∈K

yn,k (37)

f2(yn,k) = λ
∑
n∈N

∑
k∈K

(yn,k)2 (38)

f1(ωn,k, yn,k)− f2(yn,k) (39)

where (39) is the difference of two convex functions. Hence,
P3 is a DC program in {ωn,k}, {yn,k}.

According to [40], P3 is equivalent to P2 for large value of
λ.

An algorithm is summarized based on a block coordinated
descent (BCD) framework [41]. In the algorithm we initial
number of users K, minimum data rate for each user Rk,
signal-to-noise ratio of user γn,k, requirement for QoS, and
total unlicensed bandwidth Bb. The algorithm consist of 2
loops. In the inner loop, given {ωn,k} and {yn,k}, P2 is
linear programming on {βn,k}, and can be solved efficiently
using interior-point method [42] and has a complexity of
O((2XY )3(3Y + X + XY )). In the outer loop, given
{βn,k}, P2 is a DC program in {ωn,k, yn,k} and has a
complexity of O((XY )3). The total complexity of algorithm
1 is O((XY )6(3Y +X +XY )) based on [38].
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VI. SIMULATION

In this section, we evaluate the performance of the proposed
algorithm through simulation. There is one LTE Base station
(LTE-BS) over-layed by WLAN BS (WBS). In our proposed
scheme the WLAN BS contend the channel with the existing
Wi-Fi systems before it can poll the users. We have also
considered another Wi-Fi node operating in an unlicensed band
within the coverage of proposed three-tier network. The chan-
nel model used for licensed and unlicensed bands are the ITU-
UMi Models. We have assumed 10 users uniformly distributed
and all have the same minimum data rate requirement and QoS
requirement. We assumed the time frame length of LTE T =
1 ms.

We have used both voice and multimedia traffic, for voice
we used persistent scheduling and for video we use adaptive
scheduling. We have taken two different scenarios for our
proposed scheme. In scenario 1, the voice traffic is assigned to
the licensed band and the multimedia traffic is assigned to the
unlicensed band. In scenario 2, half of the voice traffic goes on
the licensed band and other half will go through the unlicensed
band along with the multimedia traffic. The proposed scenarios
are also compared with the existing algorithm, Static mapping
scheme (SMS), to evaluate the performance.

Static Mapping Scheme (SMS): In SMS cellular users
are first ordered in descending order in terms of SINR of
the unlicensed band. The LWA BS sequentially assigns the
unlicensed bandwidth and the QoS exponent to the ordered
users by solving the following equations [12];

e−θb,kCb,kD
k
th = P kth (40)

Cb,k(αb,k, θb,k) =
z

θb,k
+ αb,klog(1 + ηb,k) (41)

LWA BS will keep on assigning the unlicensed bandwidth
until the total allocated bandwidth reaches the total unlicensed
bandwidth or all the QoS users are satisfied. If the unlicensed
band is insufficient to satisfy the QoS of the users, the rest
of the traffic goes to the licensed band. The remaining users
are ordered in descending SINR of the licensed band. The
LWA BS sequentially allocate the licensed bandwidth and the
QoS exponent to the ordered users by solving the following
equations,

e−θa,kCa,kD
k
th = P kth (42)

Ca,k(αa,k, θa,k) = − 1

θa,kT
log(Eγ{e−θa,kαa,kT log2(1+γ)})

(43)

A static mapping table is established where a design parameter
η (0 ≤ η ≤ 1) is decided according to the QoS Class Indicator
(QCI) or the types of traffics. In the simulations, we assigned
η = 0.7.
In Fig. 4, we investigate the bandwidth of licensed band with

the delay requirements, where PV =0.3, PM=0.7, PD=0.6 and
PND=0.4. There are in total 10 users within the coverage
area of LTE and Wi-Fi. The figure shows that as the delay
bound increases the required bandwidth of the licensed band
decreases. It can also be observed that the our proposed
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Fig. 4: Licensed Bandwidth vs Delay Bound: PV =0.3,
PM=0.7, PND=0.4, and PD=0.6

scenarios performs better in terms of delay as compared to
the existing scheme in [12] and SMS scheme. Also, proposed
scenario 2 can perform much better than scenario 1, when the
voice traffic is split between the licensed and unlicensed band.
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In Fig. 5, the values of probabilities are changed to further
observe the behaviour of licensed bandwidth with the delay
requirements. The Fig. 5 is plotted for PV =0.4, PM=0.6,
PD=0.4 and PND=0.4. It can be observed that by increasing
the probability of voice users will increase the requirement
of licensed bandwidth as well. Also, our proposed scheme
performs better than the existing scheme in [12] and the SMS
scheme.

In Fig. 6 and 7, the required licensed bandwidth is investi-
gated with the number of transmitters by changing the value of
probabilities. The required licensed bandwidth increases with
the increase of transmitters. In Fig. 7, the voice probability
is increased and the requirement for licensed bandwidth also
increases. Also, it can be observed that our proposed scheme
can reduce the licensed bandwidth as compared to the existing
scheme in [12] and SMS. Scenario 2 can provide 50% less
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requirement of licensed band as than scenario 1.
In Fig. 8 and 9, we investigate the delay bound with the

number of transmitters by changing the probabilities. All
users have the same delay threshold Dn

th = 0.05 s. The
delay increases as the transmitter increases but our proposed
schemes can reduce the delay as compared to the existing
scheme in [12] and the SMS scheme. Scenario 2 can further
reduce the delay as compared with scenario 1.

VII. CONCLUSION

In the proposed paper, we investigate an optimal queue
scheduling and resource allocation problem under various
statistical delay constraints of three-tier network. The three-
tier network is based on LWA technology with modification
in resource allocation scheme based on IEEE 802.11 PCF
to access WLAN channels. Multimedia files are further of-
floaded using D2D communication. A closed-form expression
of effective capacity for the unlicensed band is derived using
semi-Markovian process. Secondly, we formulate the optimal
joint queue scheduling and resource allocation problem with
the QoS guarantee between licensed and unlicensed band
to minimize the bandwidth of licensed band. An iterative
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algorithm is proposed to convexify the problem as a series
of block coordinated descent (BCD) and difference of convex
functions (D.C) program. Further, the simulation was carried
out with our proposed scheme with two scenarios, in the
first scenario all the voice traffic uses the licensed band and
multimedia traffic uses the unlicensed band, and the second
scenario split the voice traffic to licensed and unlicensed band
whereas all the multimedia traffic goes to unlicensed band.
The simulation results showed that our proposed scheme can
provide improved performance than the existing scheme in
[12] and SMS scheme. Also scenario 2 can perform 50% better
than scenario 1.
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